INTRODUCTION
Global interest in the use of transcriptional profiling for risk assessment has led to the development of new highthroughput analytical approaches to assess dose-response Kuo et al., 2016] . However, although substantial amounts of transcriptional data have been generated in the UVR field, the data have been predominantly used to support an understanding of mechanistic effects. These studies have shown that UVR exposure (particularly in the UVB spectrum) can induce changes in gene expression and pathways associated with adverse health effects [Becker et al., 2001; Li et al., 2001; Murakami et al., 2001; Sesto et al., 2002; Takao et al., 2002; Enk et al., 2004] . Most in vitro studies have also shown that UV exposure can induce apoptosis in cells and cause a strong and persistent induction in the expression of oncogenes such as c-myc and c-jun [He et al., 2004] . Similarly, studies using solar-simulated UVR exposure have demonstrated differential gene expression associated with apoptosis, cell growth arrest, and cytokines [Marrot et al., 2005 [Marrot et al., , 2010 Kaneko et al., 2008] . However, translating lists of time-and dose-dependent differentially expressed genes into meaningful information to support risk assessment has remained a challenge.
Over the past decade, software has been developed to analyze genomic data to derive benchmark doses (BMDs) of effects . BMD modeling was first developed by Crump [1984] and is now being applied by the US Environmental Protection Agency [US EPA, 2012] for conventional risk assessment. A BMD represents the dose at which a predefined increase above background (in most applications selected as 10% or one standard deviation [Slob, 2017] ) occurs in a doseresponse experiment for the endpoint under investigation. A variety of mathematical models are applied, and the model that best fits the data is selected to identify the BMD US EPA, 2012] . This approach is preferred over the selection of a no (or lowest) observed effects level because it is not tied to the selection of a dose used in the experiment (rather it extrapolates the predefined response from the curve). BMD modeling of global transcriptomic data can be done in a high-throughput manner through the use of the BMDExpress software . This package allows the user to model and apply filters to derive both individual gene and pathway (or other gene groups) BMDs. Pathway BMDs are generally represented as the mean or median BMD of responding genes within a pathway, with some criteria applied (e.g., significant enrichment of this pathway or a minimum number of genes that yield BMDs within the pathway). The approach has been widely applied in chemical toxicology and case studies have shown a high degree of correlation between gene/pathway BMDs and BMDs for conventional endpoints [e.g., Bhat et al., 2013; Jackson et al., 2014; Dean et al., 2017; Farmahin et al., 2017] . Thus, transcriptional BMDs have been proposed as points of departure for use in human health risk assessment [Thomas et al., 2013; Moffat et al., 2015] .
Recently, by using case examples in the ionizing radiation field, we have shown the possibility of using BMDs as thresholds of effects for genes and pathways that are well established radiation responders (e.g., p53, cell cycle regulation, and so forth) [Chauhan et al., 2016] . Indeed, we posit that BMD modeling of transcriptional datasets provides an opportunity to provide relevant mechanistic and quantitative information on the doseresponse relationship to support decision-making in the field of ionizing radiation following further targeted validation studies.
To explore this application in more detail, in this study we performed BMD modeling on transcription response data from human-derived skin cells exposed to solarsimulated UVR. Human keratinocytes were exposed to solar-simulated UVR at three environmentally-relevant doses, and cells were harvested following a 6-or 24 hr incubation period. Global gene expression profiling was performed using Illumina microarray technology. Statistically significant expressed gene probes, as assessed by one-way analysis of variance (ANOVA), were subjected to BMD modeling. BMD based values for genes and pathways were derived and a quantitative threshold, based on the median distribution of these genes, was obtained for solar-simulated UVR-exposed cells.
MATERIALS AND METHODS

Materials
All solutions were prepared with 18 MX water (Milli-Q plus PF unit, Millipore Corp., Bedford, MA). Cells were detached from the culture dishes by trypsinization (Trypsin/EDTA, Cascade Biologics), followed by neutralization (Trypsin Neutralizer, Cascade Biologics).
Cell Maintenance
Neonatal epidermal keratinocytes (HEKn, cat # C-001-5C) were purchased from Cascade Biologics (Portland, OR), and cultured at 378C (5% CO 2 ) in complete medium [EpiLife V R basal medium supplemented with calcium chloride, PSA solution, and HKGD growth kit (Cascade Biologics)]. About 7.5 3 10 4 cells were transferred into each 60 mm 2 dishes containing 5 mL of complete media and cultured until 60-70% confluence. Prior to irradiation in the solar simulator the cells were washed once with sterile phosphate buffered saline (PBS) pH 7.4, and covered with a layer of PBS (5 mL) to prevent drying.
Ultraviolet-Radiation Exposure
Solar simulated UVR exposure was performed using an in-house Oriel solar simulator (Stratford, CT) equipped with a 1,600 W Xenon short arc lamp with an Oriel Air Mass 1 Direct Filter, (AM1:D:B; model 81074), calibrated to mimic a typical summer solar irradiance in Ottawa, Ontario, Canada (latitude 45825 0 N). A KG2 Short Pass Filter was also placed between the cell culture and the source to limit excessive infrared transmission. The average spectral irradiance over an area of 17 3 17 cm was found to be 9.84 mW/cm 2 for UVA (98.3%), 0.174 mW/cm 2 for UVB (1.7%), and 10 mW/cm 2 (0.017 mW/cm 2 erythemallyweighted) for the total UVR irradiance at an emission rate of 0.1 kJ/ m 2 Ásec, which was determined using a spectroradiometer (Optronics Laboratories, Model 754-C) and integrating the area under the curve between 280 and 400 nm. For comparison, the solar irradiance measured in Ottawa on July 14, 2011 at 11:15 am was 5.30 mW/cm 2 for UVA (95.5%), 0.252 mW/cm 2 for UVB (4.5%), and 5.55 mW/cm 2 (0.019 mW/cm 2 , erythemally-weighted) for the total UVR irradiance. Keratinocyte cultures grown in 60 mm petri dishes were placed 186 mm from the solar simulator lamp where they received a dose of either 0, 10, 20, or 150 kJ/m 2 of unweighted UVR and were maintained at 378C using a temperature-controlled water bath and a customized water circulation system. The UVR doses used in this study were based upon UVR doses applied in a separate study and were therefore not ideal for a proper BMD analysis; however these results still demonstrate the promise of BMD modeling to assessing point-of-departure of genes/pathways in response to UVR. The erythemally-weighted equivalence of the unweighted dose is displayed in the following table (Table I) . The erythemal effective irradiance (E eff ) from a source of ultraviolet radiation is obtained by weighting the spectral irradiance of the radiation at wavelength k in nm by the effectiveness of radiation of this wavelength to cause a minimal erythema and summing over all wavelengths (250-400 nm) present in the source spectrum and is defined by the equation:
where E k is the spectral irradiance in WÁm 22 Á nm 21 and S(k) is the weighting factor determined in accordance with the CIE-erythema reference action spectrum. Following exposure to sham or solar-simulated UVR, cultures were placed back into a 378C incubator and were harvested 6-or 24 hr postexposure for RNA isolation. The sham samples were handled identically and concurrently with UVR-treated samples, but they received no UVR exposure. A total of six independent experiments were conducted, with each experiment containing samples exposed to a sham-control and three doses of UVR for each time point (6-or 24 hr).
RNA Extraction/Hybridization
Following treatment, keratinocytes within 60 mm culture dishes were washed with PBS and replaced with Qiagen's RLT lysis buffer containing 2-Mercaptoethanol (Qiagen) and immediately frozen in a 2808C freezer. Frozen lysates were later thawed and pipetted onto a QIAshredder spin column, and total RNA was extracted using RNeasy Mini kits according to the manufacturer's instructions (Qiagen). During the procedure, Qiagen's On-Column RNase-free DNase was used to eliminate possible DNA contamination. RNA concentration was evaluated using a NanoDrop 2000 spectrophotometer (ThermoScientific) and RNA integrity was confirmed using an Agilent 2100 Bioanalyzer with RNA 6000 PicoChip kits (Agilent Technologies), following the manufacturer's instructions (Agilent Technologies, Mississauga, ON). Only high quality RNA (OD 260/280 ! 1.8, RIN ! 7.0) was used for analysis of differential gene expression.
Total RNA (150 ng) from each sample was used to generate biotinlabeled cRNA following the Illumina TotalPrep 96 RNA Amplification Kit (Ambion). Agilent's Low RNA Input Fluorescent Linear Amplification Kit was used to generate fluorescently-labeled cRNA, from the total RNA, following the manufacturer's protocol (Agilent Technologies, Mississauga, ON). The mRNA from the total RNA was primed with the (d)T-T7 primer and amplified using MMLV-reverse transcriptase into (5 0 to 3 0 ) cDNA. Cyanine-3 labeled (3 0 to 5 0 ) cRNA was generated from the cDNA, using T7 RNA polymerase and isolated using the Qiagen's RNeasy Mini kit following the manufacturer's protocol (Qiagen).
For each sample, 1.5 lg of biotin-labeled cRNA was hybridized onto Illumina Human HT-12 V3.0 expression BeadChips (human3) (Illumina), according to the manufacturer's instructions. The Illumina BeadChips were imaged and quantified with the Illumina iScan scanner (Illumina) and data were processed with Illumina GenomeStudio v2010.2 software. Data processing included averaging signal intensities for each beadtype, quantile normalization, and log 2 -transformation. All expression values were first log 2 transformed to minimize skews in the data and provides more realistic variation measures. Quantile normalization was applied to impose the same empirical distribution across all the samples [Bolstad et al., 2003] . Briefly, a reference array of empirical quantiles is first computed by taking the average across all ordered samples. The original expression values are then replaced by the entries of the reference array with the same rank.
BMD Modeling
Datasets were normalized and genes were modeled and imported into BMDExpress (version 1.41) software . A built-in oneway analysis of variance (ANOVA) test with P-value 0.05 was used to determine differentially expressed genes as recommended by Webster et al. [2015] . Thereafter, gene probes exhibiting a significant change in expression in at least one dose point were modeled using all available best-fit models (which included the Hill, Power, Linear, and 28 Polynomial models) to identify potential dose-response relationships. For each dataset of statistically significant gene probe expressions, the maximum degree of polynomial models applied was dependent upon the number of radiation doses (excluding control) minus one. A best-fit model was selected based on the following criteria: First, a nested chi-square test was performed with a cutoff of 0.05 to choose between Linear and Polynomial models. Next, between the Hill, Power, Linear and Polynomial models, the least complex model was selected with the lowest Akaike Information Criterion (AIC). Finally, a best-fit model needed to have a goodness-of-fit P-value ! 0.1. A Hill model was flagged if the k parameter of the model was less than onethird of the lowest positive dose. In the case where a flagged Hill model was selected as the best-fit model based on the above criteria, the next best model with goodness-of-fit P-value ! 0.05 was selected. In the case where the next best model with P-value ! 0.05 was not available, the flagged Hill model was retained and modified to 0.5 of the lowest nonflagged Hill BMD value. Other parameters for modeling included power restricted to 1, maximum iterations of 250, confidence interval of 0.95, and benchmark response value of 1.349, which approximates a 10% change and is the default value in BMDExpress software as defined in Thomas et al., 2007. Using the built-in Defined Category Analysis feature of BMDExpress, the remaining probes that demonstrated dose-response characteristics, that passed the selection criteria described above, were mapped to Ingenuity Pathway Analysis (downloaded on December 15, 2015). Probes annotated to more than one gene (promiscuous probes) were removed from further analysis, as were probes yielding BMD values higher than the highest dose and a goodness-of-fit P-value 0.1. Only probes that met the data acceptance criteria were retained.
BMDExpress Data Viewer Parameters
Export files from BMDExpress were uploaded to BMDExpress Data Viewer for visualization of gene BMD, pathway BMD mean/median, and model distributions. Dataset Exploratory Tools, including Functional Enrichment Analysis and Multiple Dataset Comparison were used for data analyzes. For each dataset the default settings provided by the software were applied. This included the removal of genes with BMD/BMDL (lower 95% confidence limit) ratio ! 2. Lastly, BMDExpress Data Viewer determined the appropriate bin sizes using Google Chart's histogram implementation.
RESULTS
Probe Modeling
A graphical representation to illustrate the distribution of best-fit models generated by BMDExpress software for statistically significant ANOVA filtered dose-responsive probes, for the 6 hr and 24 hr time-points are depicted in Figure 1 . A large portion of the probes fit a linear model (46.7% for 6 hr and 41.3% for 24 hr) (Fig. 1A , Table II ). As illustrated in Figure 1B . Pathway analysis of the probes comprising each mode was conducted for the 6 hr time-point (Table III) . In general, Mode 1 comprised pathways involved in cell signaling and DNA damage response, while pathways in Mode 2 shared similar responses but were also broadly associated with immune response and developmental processes such as cancer. The 24 hr time-point yielded similar pathways, but with a lower percentage of mapped genes (Supporting Information Table  S1 ). The median BMD values of each mode was found to be $16 kJ/m 2 for Mode 1 and $108 kJ/m 2 for Mode 2 at both time-points (Table II) . The median distribution across all probes was 94.4 kJ/m 2 for the 6 hr time-point and 101.9 kJ/m 2 for the 24 hr time-point (Table II) .
Functional Enrichment Analysis
Functional enrichment analysis in BMDExpress Data Viewer applies the Fisher's exact test to determine the probability that genes from a particular pathway are overrepresented in a list of DEGs by comparison the complete set of genes in an organism . Functional classification of BMDs was conducted for both timepoints as described by Kuo et al. [2016] . The BMD distributions for pathways are provided in Figure 1C . The histogram shows a bimodal response to pathway activation following solar-simulated UVR exposure. A list of pathways exhibiting a Fisher's Exact P-value of 0.05 with a minimum of five genes is provided in Tables IV and V for the 6 and 24 hr time-points, respectively. The pathways were sorted based on BMD values, highlighting those that were perturbed at each mode.
In general, solar-simulated UVR exposure induced pathways involved in nucleotide metabolism, cell cycle Environmental and Molecular Mutagenesis. DOI 10.1002/em control, cell signaling, DNA damage response, and apoptosis. This response was consistent at both time-points after exposure, but was somewhat attenuated at 24 hr postexposure (data not shown). Twenty-four pathways and 468 probes were common between the two timepoints (data not shown). Unique pathways and probes were also identified between the two time-points; however, no further analysis was conducted on these datasets. BMD median values for the common pathways were generally higher for the 6 hr postexposure time-point (Table VI) . Seven out of the 24 genes demonstrated BMD median values that were higher for the 24 hr time-point relative to the 6 hr time-point. These genes were mostly involved in cell cycle regulation, cell differentiation, or cell signaling. Functional Enrichment Analysis of Fisher Exact P-values ( 0.05) vs BMD median values was used to identify pathways that were potentially important for the mode of action of solar-simulated UVR exposure (Supporting Information  Table S2 ). This analysis identified pathways related to molecular mechanisms of cancer and axonal guidance signaling, with BMD median values between 81 and 99 kJ/ m 2 , to be the most responsive to solar simulated UVR. The same two pathways were also sustained at 24 hr postexposure (data not shown). The lowest pathway BMD in the overall dataset was pyrimidine deoxyribonucleotide de novo biosynthesis I, with a BMD of 19.3 kJ/m 2 , and eight genes with BMDs at 24 hr.
DISCUSSION
With the advent of genomic technologies, the throughput of detecting molecular changes has dramatically increased employing bioinformatic techniques to predict precursors of more profound biological changes. Recent papers suggest that the application of BMD modeling to transcriptional data offers significant advantages over traditional genomic bioinformatics approaches [Farmahin et al., 2017] . BMD modeling of transcriptomic data provides more quantitative information on threshold gene and pathway responses (e.g., point-of-departure), simpler interpretation of large datasets, and allows direct comparison to other data with similar endpoints without the need to have matched doses to increase threshold prediction accuracy [Webster et al., 2015] . In this study, we present the first analysis of gene responsiveness to solar-simulated UVR using BMD modeling.
BMD modeling requires experimental data at a minimum of three doses across a broad range. In our test example, keratinocytes were exposed to a low, medium or high dose of UVR (0, 10, 20, 150 kJ/m 2 ). At 6 and 24 hr postexposure, cells were harvested and assessed for transcriptional changes using BMD modeling. The data displayed a bi-modal distribution at both 6 and 24 hr postexposure for both individual transcripts and pathways. The majority of the transcripts demonstrated a linear trend-line, implying that solar-simulated UVR exposure induced a dose-responsive change in gene expression. For both time-points the median BMD values for Modes 1 and 2 were $16 kJ/m 2 and $108 kJ/m 2 , respectively. Although the meaning of this bi-modal response is unclear, this finding is consistent with our previous analysis of BMD responses using ionizing radiation (X-rays and alpha particles) [Chauhan et al., 2016] . It is likely that these modes reflect different mechanisms and toxicological effects that are being induced at different doses, and should thus provide meaningful insight in the effects Environmental and Molecular Mutagenesis. DOI 10.1002/em of the exposure. To explore this in more detail, we performed pathway analysis of genes observed within each mode. At 6 hr postexposure in Mode 1 (3-27 kJ/m 2 ) we observed transcriptional changes in cell cycle regulation pathways, presumably associated with induction of DNA repair mechanisms. Studies have shown that within this dose range, cells have capacity to repair damage without leading to propagation of gross morphological damage [Pont en et al., 1995; Young et al., 1996 Young et al., , 1998 Heenen et al., 2001; Chang et al., 2003; Huang et al., 2013] . With higher doses of UVR (Mode 2), we observed transcriptional changes in DNA repair pathways, but also the activation of pathways related to cancer development, suggesting that above this dose there is a transition to perturbations in transcripts involved in a variety of processes and functions that are altered in cancer cells. This is also reflected in transcriptional changes in pathways associated with activation of cellular apoptosis and immune response. At 24 hr postexposure, a similar bimodal response was observed, supporting the mechanismbased information derived from the modal analysis.
At 24 hr postexposure in Mode 1 (2-27 kJ/m 2 ), transcriptionally activated pathways were predominately associated with nucleotide biosynthesis, with a few effectors involved in cell cycle signaling. At the higher dose range (Mode 2), pathways involved in cell signaling and cell cycle regulation were activated, while cancer-promoting pathways were also still prominent. Interestingly, we also observed that genes involved in DNA repair pathways were transcriptionally altered, indicating that the DNA damage response persisted despite the long postexposure incubation time, possibly resulting from UVA-induced DNA damage. It has been shown that repair mechanisms for UVA are less efficient and that the damage may persist several hours after exposure [Tadokoro et al., 2003; Agar and Young, 2005] .
Twenty-four pathways in both modes at the 24 hr time point were also found in the 6 hr time point in the same modes (Table VI) . These pathways involved DNA damage recognition, pyrimidine metabolism, and cell cycle regulation. Interestingly, some unexpected pathways also appeared to be common across the two time-points, including endothelin signaling and axonal guidance signaling at the higher dose range (Mode 2). These responses are consistent with previous publications demonstrating that UVR exposure can cause activation of mutagenic repair dimers, recombination repair, and cellcycle checkpoint regulation and apoptosis, as activated through the ATR kinase pathway [Brown and Baltimore, 2003] . A comparison of the BMD medians for these pathways showed the majority to have lower BMD values for the 24 hr time-point relative to the 6 hr time-point, possibly highlighting a time-dependency in pathway activation. Li et al. [2001] reported time-dependency of UVBinduced gene expression changes as they observed three waves involving early (0.5-2 hr), intermediate (4-8 hr) , and late (16-24 hr) stages of gene expression. Early expression changes were associated with transcription factors such as c-myc and c-fos, mitochondrial proteins like cytochromes c and b, and changes in phosphorylation states with altered expression of either kinases or phosphatases, responding to the immediate damage. Whereas, cytokines, chemokines, and growth factors dominated the intermediate wave, particularly the neutrophil chemotactic and melanocyte activator interleukin 8, most of which are involved in the erythemal process. Genes induced at the late stage were predominately differentiation markers involved in the protective cornified envelope of the skin.
Human maximum permissible exposure (MPE) limits for UVR (by wavelength) have been previously developed for both the eye and skin by the International Commission on Non-Ionizing Radiation Protection [ICNIRP, 2004] . These MPE's have been implemented by the (erythemally-weighted). It is interesting to note that the median from Mode one, found in the current study, coincided with the ICNIRP MPE limit.
Previous studies have shown cellular responses can occur at exposure levels below the MPE limit. Pont en et al. [1995] demonstrated upregulated expression of p53 and p21 in an in vivo study using broadband UVR at a dose of $0.03 kJ/m 2 as soon as 4 hr post exposure. Similarly, Huang et al. [2013] reported an increase in nuclear p53 in keratinocytes at 3 hr postexposure to $0.03 kJ/m 2 as a result of oxidative stress with minor cytotoxicity. The authors postulated that p53 played a role as a transcriptional repressor by downregulating a number of proteins that may result in photo-aging effects. Interestingly, in this study, we found that the median of Mode 1 response corresponded to a dose of $0.03 kJ/m 2 (unweighted UVR irradiance of $16 kJ/m 2 ). The probes/ pathways expressed at this dose were involved in cell signaling and DNA damage response, despite the lack of effect on apoptosis or decline in cellular viability (data not shown). Overall, our data show that stressor signaling in keratinocytes occurred at the actinic exposure limit (8 hr) of international standards designed to limit acute adverse effects (e.g., erythema). Small increases in the exposure level above the actinic exposure limit (0.03 kJ/m 2 ) have been reported to initiate dramatic cellular responses. Eberlein-K€ onig et al. [1998] reported that exposure to UVB (0.05 kJ/m 2 , erythemallyweighted) was able to significantly increase the inflammatory cytokines IL-1a and IL-6 24 hr postirradiation. At 0.1 kJ/m 2 UVR (erythemally-weighted), K€ ock et al. [1990] showed UVR could initiate the release of the inflammatory and pro-apoptotic cytokine TNF-a from human keratinocytes. Similarly, other studies have found that UVR can induce apoptosis and cellular death in keratinocytes in this dose range [Chang et al., 2002 [Chang et al., , 2003 Kang et al., 2011 ]. In the current study, the median BMD value for Mode 2 ($108 kJ/m 2 unweighted, $0.184 kJ/ m 2 erythemally-weighted) coincided with the dose required to cause minimal erythema to an individual with a type I fair skin type (0.2 kJ/m 2 5 1 Minimum Erythemal Dose (MED) or 2 Standard Erythemal Dose (SED)).
This preliminary work shows the potential of BMD modeling of transcriptional data to support point-ofdeparture assessment of molecular responses to UVR exposure. Although promising, additional studies/datasets are required to assess a larger assortment of dose ranges, exposure conditions, time-lines and cell lines/tissues to ensure the consistency of the results prior to comparison of thresholds derived from conventional methods to current exposure limits to UVR. In addition, the current BMD methodology used for chemical risk assessment, which is at more advanced stages of implementation, may need to be refined for its appropriate applicability to UVR exposure. The additional value is that genomic data from any study with similar experimental procedures can be added to the analysis building on the weight of evidence with mechanistic data to support decision-making. In all, the study suggests a potential use of BMD modeling of transcriptome data to determine biologicallyrelevant thresholds of UVR responses.
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